A new model for the occurrence of the net vapor generation was developed to improve the predictive capability of best-estimate thermal hydraulic codes for transient void behavior under fast transient condition such as reactivity initiated accident (RIA). As a conventional model widely used in various codes is based on the experimental data obtained from steady boiling experiments, it did not well represent transient thermal-hydraulic phenomena near the heating surface. By analyzing our results of RIA simulation experiments previously performed at both low (atmospheric) and high (up to 7MPa) pressure, it was clarified that the concept of vapor condensation in the model needed to be improved. A new model for the net vapor generation was developed by using the thickness of thermal boundary layer as a characteristic length of vapor condensation. The new model was introduced into TRAC-BF1 code and was applied to the analyses for the high pressure experiments, confirming that the predictive capability of the modified code was improved.
Introduction
Reactivity initiated accident (RIA) may cause thermal and mechanical failure of fuel rods due to the rapid increase of fuel enthalpy. Maximum fuel enthalpy is then generally required to be lower than the upper limit specified in the regulatory guide to assure the fuel integrity. It is important to accurately and realistically predict the maximum fuel enthalpy during RIA especially for high burn-up fuels which might fail at lower enthalpy than fresh or low burn-up fuels due to the change of chemical composition. That needs well-verified methodology to correctly predict transient void behavior of coolant in a reactor core as the core power is influenced by void-reactivity feedback. However, current safety evaluation estimates the fuel enthalpy using a conservative methodology without taking the negative feedback of vapor voids to the reactivity into account. This methodology may result in the unrealistic underestimation of margin of fuels to the upper limit of the fuel enthalpy during RIA.
To reasonably evaluate the negative void feedback, technical knowledge on fast transient void behaviors is necessary. Several experimental studies have been performed in industry and universities (1) (2) (3) (4) . In those studies, a single cylindrical pin or plate simulating a fuel rod was sharply heated in water under low-pressure conditions. More detailed knowledge of transient void behavior and the effect of thermal-hydraulic parameters and geometry difference on it are required to assess the applicability of thermal hydraulic models for predicting void fraction into RIA analyses.
Proper modeling for the occurrence of net vapor generation (NVG) is indispensable to accurately predict the void fraction variation in subcooled boiling. A lot of researches for the net vapor generation have been performed by many researchers. Saha and Zuber (5) derived the model for predicting the point of net vapor generation (PNVG) in subcooled boiling assuming that the PNVG depends only on local thermal and flow conditions. The Saha-Zuber model was developed for subcooled boiling of steady state forced flow, in the condition of which the thermal boundary layer is well developed within the flow channels, and thus the hydraulic equivalent diameter is used for this model as a characteristic length of thermal diffusion near the heating surface. On the other hand, the net vapor generation will occur before sufficient development of the thermal boundary layer in fast transient boiling during RIA. Maruyama et al. (6) clarified that the Saha-Zuber model overpredicts the local equivalent subcooling of water in the rapid boiling conditions simulating RIAs. Satou et al. (7) elucidated that the Saha-Zuber model underpredicts the thermal equilibrium quality at the onset of NVG and suggested that a model for the prediction of NVG in the transient subcooled boiling needs to take a local characteristic length into account. However, the detailed research for the NVG in the fast transient boiling has been hardly performed so far. Japan Atomic Energy Agency (JAEA) conducted out-of-pile experiments to investigate the transient void behaviors caused by the rapid power excursion during RIA. The experimental study consists of several series with a single simulated fuel rod and 2x2 bundle geometry at low (atmospheric) or high pressures up to 7 MPa (6) (7) (8) (9) . The experiments at the low or high pressure simulate the condition of cold shutdown or hot standby RIA, respectively. An impedance technique for void fraction measurement was developed, and the transient void behavior and its dependency on various experimental parameters were systematically investigated. Subsequently, the present study is intended to develop a new model for the onset of NVG in fast transient. The problem when the Saha-Zuber model was applied for such conditions was clarified by comparing with the experimental results obtained with the low and high pressure experiments (7, 9) . The new model for the onset of NVG was developed in the present study by using the thickness of thermal boundary layer as a characteristic length of vapor condensation and introduced into TRAC-BF1 code. The modified TRAC-BF1 confirmed that the predictive capability of the modified code is improved, through the analyses for the high pressure experiments. Figure 1 illustrates the schematic diagram of the experimental setup for the high pressure tests (9) . The experimental setup was a thermal-hydraulic loop type with a design pressure at approximately 7 MPa. For the low pressure tests, another loop was used, whereas the setup of the loop was almost the same as that of the high pressure loop except for the lack of pressurizer (7) . Main components were test sections, a pressurizer for system pressure control (only for the high pressure loop), a heat exchanger and a pre-heater for water temperature control, a fast-response electric power source, and control and data acquisition systems. The maximum voltage, current and current increasing rate of the electric power source were 40 V, 10 kA and 500 A/ms, respectively. Figure 2 Figure 3 illustrates the schematic of the high pressure test section with D t =17.6mm. In addition to this, the test section with larger D t (23.2mm) was also used. The outer boundary wall of the test channel was fabricated by piling-up five or six stainless steel blocks with a thickness in flow direction of approximately 50 mm or 100 mm which were electrically insulated each other. The heat generation length and outer diameter of the simulated fuel rod were the same as those of the low pressure test section. The thickness of the rod was 0.8mm because the rod was also the pressure boundary for the water with the pressure of 7MPa. The test sections were equipped with thermocouples, pressure transducers and a differential pressure gauge. Especially in the low pressure test sections, 3-point type thermocouples (3) were welded on the surface of simulated fuel rod at three vertical locations to obtain the outer surface temperature of the rod. The heat flux at the rod outer surface was calculated from the measured temperature history. Void fraction in the test section was obtained from the measured impedance of a water-vapor mixture flow between a pair of electrodes based on the Maxwell theory (10) .
Experiments

Experimental setup
According to this theory, the relationship between void fraction of homogeneous liquid-gas two-phase fluid and measured impedance can be described as follows:
where, R α , R 0 and α are electric resistances for two-phase and conductive single-phase flows and average void fraction, respectively. The simulated fuel rod was used as one of electrodes. Another was one of the seven curved plate-type electrodes vertically placed on the channel wall for the low pressure test. In the high pressure test, another electrode was one of the piled stainless steel blocks itself. This method was confirmed (6) to have sufficient accuracy for the evaluation of void-reactivity feedback in our experimental apparatus, although, in about 0 7 .
α >
, the accuracy becomes lower because the flow regime becomes the annular flow.
Experimental conditions
The experimental conditions of the low pressure and high pressure tests are summarized in Tables 1 and 2 , respectively. The major experimental parameters were maximum power input, velocity and subcooling of the inlet water, and thermal equivalent diameter of flow channel. In addition to them ambient pressure was the parameter for the high pressure tests. The parameter range covers the results of cold shutdown and hot stand-by RIA analyses for a typical BWR using three-dimensional neutronics and thermal-hydraulics coupling analysis code based on TRAC-BF1/SKETCH-N developed at JAEA (11, 12) . Each experiment was repeated several times to confirm the reproducibility. Figure 4 shows the time history of input power, void fraction, averaged fluid temperature and heat flux on the rod surface at L4 in Fig.2 for a typical low pressure experiment with subcooling and inlet water velocity of 54 K and 0.3 m/s, and power input of 23.0 kW, respectively. Under the condition, in the first about 0.5 second the void fraction slightly increased and oscillated, which was attributed to generation and collapse of small voids on the surface of the simulated fuel rod. Then, the void fraction abruptly increased at 0.5 second. The onset of NVG was defined by this time instant. The void fraction kept high value while the electric power was supplied. The void behavior such as the initial oscillation, onset of NVG and history of void fraction after the onset of NVG etc. mentioned above depended on the experimental condition. In particular, the onset of NVG was strongly influenced by the water subcooling, whereas it was not dependent on the water velocity and thermal equivalent diameter very much (7, 9) . In the high pressure tests, the variation of void fraction was more or less the same as
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New model for net vapor generation
Development of new model for net vapor generation
The Saha-Zuber model, being widely used to predict the PNVG in a number of best-estimate thermal-hydraulic codes such as TRAC, was developed based on the experimental data of steady subcooled flow boiling. According to the Saha-Zuber model, local Nusselt number at the PNVG under the relatively low flow rate condition is expressed as follows:
where, Pe, q NVG , D Hy , ΔT sub,NVG , λ l are Peclet number, heat flux at the PNVG on the rod surface, hydraulic equivalent diameter, local equilibrium subcooling of liquid at the PNVG, thermal conductivity, respectively. As the PVNG moves depending on the time in transient boiling, the Nu at the onset of NVG at the specified position defined in Fig.4 will play the equivalent role as the Nu at the PNVG. The Nu at the onset of NVG at the measuring point calculated by substituting the experimental values measured in our low-pressure transient boiling tests into Eq.(2) versus the inlet subcooling is shown in Fig.5 . It clearly indicates that the Nu has a dependency on the inlet subcooling and become higher at low subcooling conditions. This is not consistent with the characteristics of the PNVG summarized by Saha et al. (5) , in which the Nu at the PNVG is independent of the inlet subcooling. Additionally, the Nu also has a dependency on the thermal equilibrium diameter (D t ) and has a tendency that it becomes higher at large D t . On the contrary, our previous research (7) confirmed that the onset of NVG was independent of the D t and was governed by the local thermal equilibrium quality of the flow. According to this, we can assume that the onset of NVG strongly depend on the local thermal-hydraulic condition such as thermal equilibrium quality regardless of D t . The Nu at the onset of NVG is thus expected to be unchanged even if the D t is different. The tendency of the measured Nu mentioned above is anticipated to be caused when the hydraulic equivalent diameter, D Hy , is used as the characteristic length of the Nu. The Saha-Zuber model is based on the notion that the PNVG is governed by the rate on vapor condensation and evaporation near the heating wall, in which the rate of evaporation is assumed to be proportional to the heat flux at the wall (q W ) whereas the rate of condensation is assumed to be proportional to the heat flux of thermal diffusion across the thermal boundary layer,
Consequently, the Nu described in Eq.(2), which is defined by the ratio of q W and q D , is expected to be the similarity parameter. As the thermal boundary layer is sufficiently developed in steady flow boiling, it is considered reasonable that D Hy is used as the characteristic length to represent the thickness of thermal boundary layer. However, under the fast transient condition during RIA, it is inappropriate to use D Hy as the characteristic length. In order to realistically simulate the thermal diffusion in the boundary layer, the time-dependent growth of thermal boundary layer should be used. Considering no effective vapor generation on the heating surface before the onset of NVG, the thickness of the thermal boundary layer can be approximated by that in forced convection of single-phase fluid (13) , which is written as 1 3 4 53
where Pr, u l , μ l , ρ l are Prandtl number, velocity, dynamic viscosity and density of the liquid.
Substituting u l t for x, the thickness of thermal boundary layer at a certain time can be estimated as, 
where, u l and c pl are velocity and specific heat of liquid, respectively. For the modified model, modified Stanton number, St t =Nu t /Pe, is introduced. Figures 7  and 8 show the St and St t calculated using the results of the low and high pressure tests, respectively. The heat flux was not measured in the high pressure test due to the technical difficulty. Thus, considering in the present study that convective heat transfer characteristics were anticipated not to be significantly different between high and low pressure tests, the heat flux at the onset of NVG for the high pressure test was approximated using the relationship between time and heat flux measured in the low pressure test with similar experimental conditions except for the ambient pressure. In this approximation, the time for the high pressure test was corrected by multiplying the ratio of wall thickness of the heater rod between high and low pressure tests in order to take into account the influence of heat capacity on temperature increasing rate of the wall. In Fig.7 the correlation for the NVG of Saha-Zuber model, Nu=455, is also plotted. It is indicated that St of the low pressure tests has disagreement with that of the high pressure tests and the variation of the experimental results from the correlation line is quite large. Moreover, there is dependency on D t . On the contrary, Fig.8 shows that, using the modified model, St t of the low pressure tests has good agreement with that of the high pressure tests. In addition the scatter of St value and the dependency on the D t is relatively small in comparison with those in Fig.7 . An approximating line calculated using least-square method can be described as
which is the newly developed correlation for the onset of NVG based on our transient void tests simulating RIA conditions. 
Validation of new model for net vapor generation
The newly developed correlation for the NVG expressed by Eq. (8) was introduced into TRAC-BF1 code (14) for a best-estimate thermal-hydraulic analysis. In the present modification of TRAC-BF1 code, the correlation was used to quantify the limit of bulk liquid temperature or enthalpy, above which the NVG should occur. The modified TRAC-BF1 code was applied to a series of analysis for the high-pressure experiments covering thermal-hydraulic conditions of RIA at a hot stand-by situation. As previously stated, the correlation was developed with the consideration that the time-dependent growth of the thermal boundary layer plays an important role for the onset of the net vapor generation under a highly transient condition. This consideration is, however, supposed not to be valid once the net vapor generation occurs since detached vapor voids from the heat transfer surface significantly agitate the boundary layer.
The following equations are utilized in TRAC-BF1 code for the calculation of q vp that indicates heat flux consumed for vapor generation in the subcooled boiling heat transfer regime after the onset of NVG,
where, q b , h l , h nvg and h sat show total boiling heat flux, bulk liquid enthalpy, liquid enthalpy at the onset of the net vapor generation and saturated liquid enthalpy, respectively, and ε is coefficient associated with liquid agitation or pumping effect . The coefficient is defined and estimated by the following equation (15) ,
where, q pu , ρ l , ρ v and Δh fg are heat flux due to liquid agitation or pumping, liquid density, vapor density and latent heat of vaporization, respectively. Since the high-pressure experiments were mostly performed under low liquid subcooling conditions, it was assumed as a base case analysis that the bulk liquid enthalpy, h l , appeared in Eqs. (9) and (10) was at the saturated conditions to the ambient pressures. This assumption was made by considering that, at the immediate vicinity of the heat transfer surface, the NVG could disturb the thermal boundary layer and well mix the liquid and the vapor generated.
The comparison of the prediction by TRAC-BF1 code with the measured void fraction is shown in Figs. 9 and 10 for a variety of thermal-hydraulic conditions of the high-pressure experiments. It was found that the predictive capability of TRAC-BF1 code for the timing at the sharp increase in void fraction and the subsequent time variation was significantly improved by introducing the new model for NVG developed in the present study and the previously mentioned consideration for the liquid enthalpy near the heat transfer surface.
The sensitivity of the variation in void fraction to the near-surface liquid enthalpy was examined through an additional analysis with TRAC-BF1 code. The sensitivity analysis was carried out for representative three experiments, S70-bc, S70-s47 and L70-bc, in which the near-surface liquid enthalpy was set at the average between the enthalpies of bulk liquid and saturated liquid. It is noted that the liquid enthalpy at the onset of NVG, h nvg , in Eq. (9) was estimated using Eq. (8) by substituting the thickness of thermal boundary layer with the width of flow channel after the onset of NVG. The results of the sensitivity analysis are plotted in Fig. 11 . It was shown that the influence of the near-surface liquid enthalpy tended to become significant when liquid subcooling is large (Fig.11(b) ). This aspect implies that future experiments or modeling work are needed for the clarification of near-surface local phenomena in order to further improve the predictive capability of best-estimate thermal-hydraulic codes especially for the analysis of the situation with large liquid subcooling such as cold shut-down RIA. 
Conclusion
In order to improve the prediction accuracy of void fraction variation under fast transient conditions such as RIA, we developed a new model for the onset of net vapor generation (NVG). Since the local Nusselt number, Nu, is a dominant factor for the NVG, it was evaluated by using many experimental data under various thermal-hydraulic conditions obtained from the RIA simulation tests at both low (atmospheric) pressure and high (up to 7MPa) pressure. The evaluated Nu based on the Saha-Zuber concept indicated a large discrepancy from experimental results probably because the Saha-Zuber model uses hydraulic equivalent diameter as the characteristic length of Nu which governs the thermal diffusion in thermal boundary layer relevant to vapor condensation. A corrected Nusselt number, Nu t , was thus proposed to take a transient nature of growing process of the thermal boundary layer into account, in which the time-dependent thickness of boundary layer was substituted for the hydraulic equivalent diameter. A new model for the NVG was proposed further through the evaluation of Nu t based on the experimental results covering a wide range of thermal-hydraulic conditions.
The new model for the NVG was introduced into TRAC-BF1 code and applied to the analyses for the high-pressure RIA simulation experiments. The predictive capability of the modified TRAC-BF1 was significantly improved for the timing at the sharp increase in void fraction and the subsequent time variation when it was assumed that liquid enthalpy at the vicinity of the heating surface became nearly saturated due to the effective agitation by vapor voids detached from the wall and the vapor condensation after the onset of NVG. Analyses on sensitivity of the variation in void fraction to near-surface liquid enthalpy revealed that the influence of the near-surface liquid enthalpy tends to become significant when liquid subcooling is large. Experiments and modeling work are needed further to well clarify the near-surface local phenomena especially for the analysis of the situation with large liquid subcooling such as cold-shutdown RIA.
